Using a model virus, bacteriophage MS2 against Escherichia coli, virus sorption on coal was investigated. Batch sorption data show that virus sorption is influenced by H/C and H/0 ratios of coal, and the presence of other viruses, bacteria, and organic pollution in the water. Virus removal in a continuous flow coal column is affected by column height and input virus concentration. Application of virus sorption on coal in water treatment is discussed.
MATERIALS AND METHODS
Viruses. Two bacterial viruses, bacteriophages MS2 and T4 against Escherichia coli, were selected as model viruses for this study. Properties of the two model viruses are summarized in Table 1 . MS2 was selected to represent the RNA-containing viruses in water belonging to the Napoviridae family which includes the enteroviruses (8) , whereas T4 was selected to represent other DNA-containing viruses. Stock cultures of MS2 and T4 phages, and their hosts Escherichia coli A19 and BB, respectively, were obtained from the Environmental Engineering Laboratory of the University of Illinois at Urbana-Champaign, Urbana, U. S. A.
Virus preparation and assay. Purified stock suspensions of both phages were prepared using a generally applicable technique (9,10). Adam's soft agar overlay technique (11) was used for virus assay and virus concentrations are reported in plaque-forming units (PFU). Before assaying, samples containing coal fines and unsorbed viruses were filtered using a glass microfilter unit through No. 42 Whatman filter discs (25 mm diameter) soaked in 3 % beef extract for 4 hr. This procedure for removing coal fines was standardized and reported elsewhere (5) . Effluent samples from coal columns with low input virus concentrations were concentrated before assay using the membrane chromatography technique of CLIVER (12) which has been tentatively recommended for quantitative studies on enteroviruses (13) and recently used by the Metropolitan Water Board, London (14) for concentrating MS2 phage in a field-study on water filtration. In the procedure, the effluent sample (100 ml) was adjusted to ionic strength of 0.115 by adding MgCl2.6H2O and filtered through a 0.45 ,um cellulose nitrate membrane (Millipore Intertech. Inc., Bedford, U. S. A.). The membrane with adsorbed viruses was then placed in 3 ml of 3 % beef extract and agitated for 30 min in a rotary shaker. The eluate was then assayed for virus. Background experiments showed 80 recovery by this procedure.
Glassware. All glassware used in this study were cleaned by soaking overnight in 0.3 % Teepol (Surfactants Private Ltd., Bombay, India) followed by rinsing in tap water and glass-distilled water to minimize virus sorption on glassware (6) . Sterilization was accomplished in a hot air oven at 180° for 2 hr or longer. Coals. Giridih, Churcha, and Neyveli coals used in this study were obtained through the National Environmental Engineering Research Institute, Nagpur, India. Ultimate analyses of the coal samples are shown in Table 2 . The coal samples were pulverized and sieved to a size of 300-425 ,um (geometric mean size, 357 ,am), washed several times with glass-distilled water to remove fines, dried at 103° for 24 hr, and stored in a desiccator for use in batch sorption experiments and column studies.
Batch sorption experiments and column studies. All batch sorption experiments were carried out in a nonflow agitated system in a rotary shaker and at 20° unless otherwise stated. Using suitable controls, the reaction mixture (glass-distilled water adjusted to pH 7.1 with 0.2 M phosphate buffer, ionic strength 0.02) in a total volume of 300 ml with coal concentration of 1,000 mg/liter and suitably diluted MS2 phage stock was employed. Samples were withdrawn after 2 hr for virus assay since no appreciable sorption was noticed after this time and equilibrium was assumed to have been attained (7) . Column studies were conducted using glass column of 12.5 mm diameter and the influent (pH 7.1; ionic strength 0.02) containing desired concentration of MS2 phage was fed into the column by gravity. The influent bottle was kept stirred and constant flow rate was maintained through a run. The column effluent was assayed for virus at predetermined time intervals. RESULTS 
AND DISCUSSION
Effect of coal type on MS2 sorption Batch sorption experiments were conducted using Giridih, Churcha, and Neyveli coals with MS2 phage input concentration of 7.4x 103 PFU/ml to study the effect of coal type on MS2 sorption. The equilibrium sorptive capacities were observed to be 4.2>< 103, 3.8>< 103, and 3.6 x 103 PFU/mg, respectively. This could be explained on the basis of H/C and H/O ratios of the coals (Table 2) and virus-coal sorption interaction which involves some specific interaction, presumably hydrogen bonding, between the surface functional groups of virus and coal (7) . Low H/C ratio implies high aromacity and consequent greater ionization in the alkaline pH range, whereas low H/0 ratio suggests smaller amount of organic hydrogen functional groups over organic oxygen functional groups (15). Giridih coal with highest H/0 and H/C ratios exhibited maximum MS2 sorption. Even though H/0 ratios of both Churcha and Neyveli coals are comparable, Churcha coal with higher H/C ratio was more effective in sorbing MS2 phage.
Sorption of MS2 in presence of T4 In order to study the sorption of MS2 phage in the presence of T4 phage, a batch sorption experiment using Giridih coal and a mixture of the two phages was conducted. Background experiment showed no reduction in MS2 plaque formation in its host Escherichia coli A19 in the presence of T4. For an input virus concentration of l.89 x 104 PFU/ml (MS2 9.2x 103 and T4 9.7 x 103) equilibrium MS2 sorption on Giridih coal was 1.4 x 103 PFU/mg. This indicates that in a real world situation sorption of RNA-containing viruses of interest may be significantly reduced in the presence of other DNA-containing viruses. The reduction in sorption may be attributed to competition for active sites on coal.
Sorption of MS2 in presence of bacteria and extraneous organic matter, and in polluted water Table 3 shows equilibrium sorption of MS2 phage on Giridih coal in the presence of albumin (50 mg/liter) and non-specific bacteria (1.0 x 105/ml). This experiment was conducted at 29° with MS2 input concentration of 2.31>< 104 PFU/ml and 15-min contact time to avoid increase in bacterial number during the experiment. MS2 sorption was reduced significantly in the presence of albumin which appears to be a potential competitor. Increase in sorption in the presence of bacteria or reduction in competition due to albumin in the presence of bacteria was apparently due to sorption of MS2 on bacteria which, in turn, were sorbed on coal. This shows that in the presence of organic pollution virus sorption on coal may be significantly reduced. This was further evident from a batch sorption experiment (pH 8.0, temperature 18°) using a reaction mixture containing 5 % settled domestic waste water which had a 5-day 20° BOD (biochemical oxygen demand) of 150 mg/ liter. Equilibrium MS2 sorption was reduced by 23 % in the presence of the waste water constituents. Column studies Column studies using Giridih coal were conducted to investigate the effect of input virus concentration and column height on virus removal in a continuous flow system (Fig. 1) . It is observed that MS2 removal efficiency increases with decrease in input virus concentration and increase in column height. These are in general agreement with the batch sorption data of Giridih coal-MS2 system reported elsewhere (7).
Significance of the study
Results of this study show that high grade bituminous coal, such as Giridih coal used in this study, is quite effective in sorbing RNA-containing viruses from water, even in the presence of other viruses and organic pollution. This is quite significant from the viewpoints of increasing use of coal in dual-media coal-sand filter in water treatment and waste water renovation. Also, dosing of powdered coal may be encouraged at times of suspected virus pollution of raw water. Normal detention time available in the coagulation-sedimentation unit would provide sufficient contact time for virus sorption thereby reducing the virus load on subsequent treatment, i. e., filtration and disinfection. Fig. 1 . MS2 removal in a Giridih coal column. MS2 input concentration, column height and flow rate were; • 1.5 x 104 PFU/ml, 15 cm and 9 ml/min, 0 58 PFU/m1,15 cm and 9 ml/min, 0 58 PFU/ml 30 cm and 9 ml/ min.
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